Abstract: Asthma is one of the most common chronic respiratory diseases worldwide. It affects all ages but frequently begins in childhood. Initiation and exacerbations may depend on individual susceptibility, viral infections, allergen exposure, tobacco smoke exposure, and outdoor air pollution. The aim of this review was to analyze the role of the gut-lung axis in asthma development, considering all asthma phenotypes, and to evaluate whether microbe-based therapies may be used for asthma prevention. Several studies have confirmed the role of microbiota in the regulation of immune function and the development of atopy and asthma. These clinical conditions have apparent roots in an insufficiency of early life exposure to the diverse environmental microbiota necessary to ensure colonization of the gastrointestinal and/or respiratory tracts. Commensal microbes are necessary for the induction of a balanced, tolerogenic immune system. The identification of commensal bacteria in both the gastroenteric and respiratory tracts could be an innovative and important issue.
Introduction
Asthma is one of the most common chronic respiratory diseases worldwide. It affects all ages but frequently begins in childhood. It is a chronic inflammatory disorder of the lower airways that is characterized by wheezing, shortness of breath, chest tightness, and cough, which may vary over time in their occurrence, frequency and severity [1] . The symptoms are associated with variable expiratory airflow impairment, i.e., breathing difficulty with prolonged expiration due to bronchoconstriction (airway narrowing), airway wall thickening, and increased mucous production. Epidemiological studies have estimated that 250,000 deaths can be linked to this disease each year, and more than 600 million people have asthma-related symptoms [1] . A new approach was recently developed using a standardized unit, called "disability-adjusted life year" (DALY). DALY assesses the years of healthy life lost because of a disease, combining information about morbidity and mortality in terms of healthy years lost. Worldwide, asthma accounts for nearly 1% of all DALYs lost, resulting in a particularly high morbidity [2] .
Asthma is a complex disease that includes multiple phenotypes with diverging clinical and pathophysiological characteristics [3, 4] . Asthma initiation and exacerbation may depend on individual susceptibility, viral infections, allergen exposure, tobacco smoke exposure, and outdoor air pollution [3, 4] . If one considers all allergic inflammation triggers, the role of environmental allergen exposure is very relevant. The most common allergens involved in asthma development and exacerbation are dust mites, grass, tree pollen, animal epithelia, fungi, and mold [3, 4] . The incidence of allergic diseases has increased dramatically over the last five decades, with large variations in the prevalence of asthma in different countries. Although asthma symptoms are generally more common in some high-income countries, several low-and middle-income countries also show high levels of asthma prevalence [5] . Among children, asthma is usually more severe in low-and middle-income than high-income countries [5] .
The decreasing number of infections in Western countries, and more recently in developing countries, seems to be at the origin of the increasing incidence of both autoimmune and allergic diseases [6] . The underlying mechanisms of this event are multiple and complex, involving various regulatory T cell subsets and Toll-like receptors (TLRs). These mechanisms could derive, to some extent, from changes in the microbiota caused by changes in lifestyle. The "hygiene hypothesis" was the first to suggest a link between microbes and allergy [7, 8] . Recently, the original concept of the hygiene hypothesis was expanded to include the increase of antibiotic use and vaccinations, as other lifestyle changes have reduced childhood infections and altered the microbiota [9] . Moreover, other important perinatal and early postnatal factors include caesarean birth and milk formula feeding [9] . Another significant issue is the change in the modern diet based on high levels of fat and low levels of fiber, which has profound consequences for the composition of the intestinal microbiome [10] [11] [12] [13] [14] [15] [16] .
Interestingly, an important study by Stein et al. underlined the importance of living in a healthy environment for asthmatic patients, especially near dairy farms [17] . The study evaluated 60 Amish and Hutterite children; levels of allergens and endotoxins were measured, and an assessment of the microbiome composition of indoor dust samples was performed. These U.S. farming populations have a similar lifestyle but different agricultural practices. In fact, the Amish use traditional farming, while Hutterites make use of mechanized techniques. Albeit comparable in genetic heritage and standard of living, it was found that in the Amish the prevalence of asthma and allergies is four and six times lower than in Hutterites, respectively. This is associated with the occurrence in Amish dwellings of average endotoxin levels approximately seven times higher. Analyzing dust samples from Amish and Hutterite houses, differences in microbial presence were detected. In addition, in two groups of Amish and Hutterite children, significant differences were observed concerning innate immune cells in quantitative and functional terms, as well as in phenotypes [17] . The conclusion was that the Amish environment provides protection against asthma by engaging and shaping the innate immune response. The aim of this review was to analyze the role of the gut-lung axis in asthma development considering all asthma phenotypes and to evaluate whether microbe-based therapies may be used for asthma prevention.
Microbiome and Atopy
Atopy can be defined as a genetic disposition to develop an allergic reaction and produce elevated levels of IgE upon exposure to an environmental antigen and especially one inhaled or ingested [18] . The chronic inflammation of atopic disease is caused by an enhanced T-helper 2 (Th2)-type immune response against common, non-pathogenic, environmental antigens (i.e., allergens) in susceptible individuals because of their genetic background [18, 19] . Th cells play an important role in immune system regulation: Th2 and Th17 cells in particular direct immune response and coordinate other cells (i.e., B cells, eosinophils, mast cells, or neutrophils). Th2 cells produce various cytokines, such as interleukin (IL)-4, IL-5, IL-9, IL-10, and IL-13. Furthermore, IL-4 stimulates B cells to produce eosinophils and IgE antibodies, which in turn enhance mast cells to release histamine, serotonin, and leukotrienes to cause bronchoconstriction, contributing to allergic responses. The differentiation of naive T cells into IL-4-secreting T cells is one of the hallmarks of allergy [18, 19] .
A potential role of the gut microbiota in atopy is based on the observation of germ-free mice, which are born and raised in a sterile environment. They are more susceptible to anaphylaxis induced by the administration of oral antigens when compared to mice that are not germ-free, demonstrating how difficult it is to achieve oral tolerance in animals with altered microbiota [20, 21] . To induce and maintain oral tolerance, the role of regulatory T cells (Tregs) is fundamental. Tregs are a subpopulation of T cells that modulate immune system activity, maintain tolerance to self-antigens, and prevent autoimmune disease development. In recent years, it has also become clear that the induction of Tregs is influenced by symbiotic microbes and may therefore provide a possible link between our environment and the susceptibility to allergic disorders [18] . Several studies in the last 10 years have confirmed a role for the microbiota in regulating immune function. For example, Bacteroides fragilis modulates the Th type 1/2 (Th1/Th2) balance [22] , and segmented filamentous bacteria directly stimulate Th17 cell differentiation [23] , whereas Clostridium spp. induce Treg production [24] . Furthermore, the microbiome produces several mediators, such as lipopolysaccharides (LPS), peptidoglycans, short-chain fatty acids (SCFAs), and gaseous molecules, which influence host physiology depending upon the dose, developmental time period, and tissue type [25] [26] [27] [28] [29] . Furthermore, the administration of LPS to germ-free animals was sufficient to restore oral tolerance [30] . For example, Clostridium spp. are producers of propionic acid (PPA) following the fermentation of complex carbohydrate fibers that are implicated in the modulation of cell signaling, immune function (generation of Tregs), and neurotransmitter synthesis and release [27, 28] . Another important metabolite that depends on microbiota metabolism is tryptophan, which can regulate serotonin production and induce many significant effects on brain function, contributing to psychiatric diseases [31] [32] [33] .
The innate immune response is based on a number of defensive systems providing nonspecific reactions to environmental stimuli. Such responses include both cellular and soluble factors. In addition to their role as a mechanical barrier, the airway epithelium and mucosal stratum guarantees innate immunity provided by immune cells such as dendritic cells, various types of innate lymphoid cells (ILCs), as well as different types of leukocytes, including neutrophils, eosinophils, and macrophages [34] . Different ligand motifs are recognized by receptors such as retinoic acid inducible gene I (RIG-I)-like receptors, TLRs, and nucleotide-binding oligomerization domain (NOD)-like receptors. These receptors are important in facilitating the timely responses that result in the ensuing adaptive immunity [35] . The host defense also includes several noncellular secreted elements with antimicrobial action, comprising defensins, lactoferrin, interferons, cathelicidin (LL37), and leukocyte protease inhibitor (SLPI) [36] .
Microbiome and Asthma
Asthma has been extensively studied concerning the innate and adaptive immune response. The continuous exposure of the respiratory system to airborne agents in patients with a genetic predisposition offers repeated opportunities for contact with mucosal immunity of inhaled material from upper airways or from the digestive tract, which may contain microbes and bile salts and also provide immune stimuli [33] . The epithelial mucosa and the dendritic cells, which are in continuous contact with the airway lumen, and antimicrobial peptides produced by immune cells play an important role in the response to environmental agents [37] . The epithelium controls the local immune activities of IgA antibodies, defensins, and lysozymes, which are also regulated by the production of IL-25, IL-33, and thymic stromal lymphopoietin (TSLP), that in turn stimulate a Th2 type inflammation, which is known to favor the development of asthma. The relevance of Th2 responses driven by the epithelium was supported in a recent study investigating the effect of treatment with an anti-TSLP antibody, which reduced allergen-induced bronchoconstriction and diminished the markers of Th2-related airway inflammation, including the level of exhaled nitric oxide and the number of eosinophils in the sputum [38] . Epithelial cells also produce other regulatory cytokines, such as IL-10 and transforming growth factor (TGF)-beta. This makes it apparent that the airway epithelium has an important role in orchestrating both the innate and adaptive immunity that is involved in the development of asthma.
Airway mucus, in addition to the known mucociliary clearance, has other key properties of importance in asthma [39] . Mucus contains both aqueous and non-aqueous constituents. Mucins (MUCs) are large glycoproteins, predominant types in human airways being MUC5AC and MUC5B. Experimental data from mice suggest a critical role in protection of airways for MUC5B, but not for MUC5AC. In fact, the lack of MUC5B resulted in lung inflammation, weakened immune homeostasis, and infections from several bacterial species [40] . Proteins with antimicrobial activity are naturally occurring in airway mucus and may exert their action once microbes are trapped in mucus but incompletely eliminated by mucociliary clearance. This is true for cystic fibrosis (CF), wherein repeated chronic infection from Pseudomonas aeruginosa is commonly observed. As opposed to the P. aeruginosa phenotype that causes acute infections, in chronic P. aeruginosa infection in CF, a noninvasive phenotype with high resistance to eradication prevails. It was recently suggested that in CF the mucus, as well as the high levels of neutrophil elastase, may favor the growth of P. aeruginosa aggregates resistant to antibiotics [41] . A further mucous-microbial relation concerns bacteriophages, which are viruses infecting bacterial species. Bacteriophages have the ability to bind to mucin glycans, thus reducing bacterial adherence to epithelial cells of the airways [42] . This adherence has an important role because it may be a form of protection from bacterial infections that are non-host-derived.
An important link between the innate and adaptive immunity is represented by dendritic cells (DCs), which influence the response to virus infection and the development of allergic inflammation [43] . DCs present to the immune system fragments of microbes that promote a number of regulatory and adaptive responses, including Th1, Th2, and Th17 pathways. The role of the lung DCs in asthma was recently studied [44] . DCs may activate several immune cell types, such as T cells and ILCs, the latter comprising a group of cells occurring at barrier surfaces, which are able to provide environmental signals that also target commensal bacteria.
The human gut in otherwise healthy subjects is colonized by 10 14 bacteria and contains more than 1000 bacterial species [45] . The interaction of the human gut and its microbiome has been conditioned by dietary and environmental variations, leading to the selection of a high variety of bacteria interacting both for defense and nutritional advantages. The microbiome is present in both the placenta and meconium, suggesting that the fetus is exposed to bacteria in the prenatal period [46] . The time and mode of childbirth, maternal age, diet, hospitalization, body mass index, smoking status, socioeconomic status, breastfeeding, and antibiotic use all influence the development of the infant microbiome. Long-term stability for many microbiome species begins at approximately two years of age [47] [48] [49] [50] .
For several years, the respiratory tract was considered germ-free, but this belief, which was due to difficulties in bacterial culturing, was recently negated by metagenomic data analysis that revealed the presence of a microbiome at this site also in healthy neonates. Although the gut microbiome contributes to the generation of Tregs and probably influences susceptibility to oral allergens, asthma is thought to originate from inhalation, making the lung (and its microbiome) more relevant for asthma initiation. The differing composition of the lung microbiome between asthmatic and healthy people suggests that bacteria may contribute to the initiation of asthma, also indicating a possible important role in influencing the immune responses for microbiota residing in other sites, such as the gut [51] . This has led to the concept of the "gut-lung axis". Stiemsma et al. studied a population of children diagnosed with asthma at preschool age in whom they found evidence of gut bacterial dysbiosis [52] . In particular, a reduction of Lachnospira in favor of Clostridium spp. was potentially linked to asthma. The individual opposing shift in the abundance of Lachnospira and Clostridium neonatale in the first three months of life suggests that these specific gut bacteria play a role in protecting or promoting development of a preschool age asthmatic phenotype, in addition to the previously identified roles in other atopic disorders. This bacterial dysbiosis was confirmed in other studies of the same group of authors, in which they showed the relative abundance of the bacterial genera Lachnospira and the decrease of Veillonella, Faecalibacterium, and Rothia in children at risk of asthma [53] . This reduction was accompanied by decreased levels of faecal acetate and dysregulation of enterohepatic metabolites. Inoculation of germ-free mice with these four bacteria ameliorated airway inflammation [54] . Clostridium spp. are implicated in the increased risk of asthma in several other studies [55] [56] [57] .
To underscore the role of mediators produced by the microbiota, another study highlighted the protective effect of a factor called A20 that is expressed by lung epithelial cells. Asthmatic patients showed reduced levels of A20 in epithelial cells, which might make these patients more susceptible to allergic asthma due to failed LPS tolerance induction [58] . The first 100 days of life seem to be the early life "critical window" during which microbial dysbiosis is very influential in promoting the development of IgE-mediated hypersensitivities in humans [59] . From these findings, we can assume that external agents, such as antibiotic or probiotic administration, can modulate the immune response. In experimental models of murine allergic airway disease, Noverr et al. described how antibiotic treatment in immunocompetent hosts followed by oral administration of Candida albicans induced susceptibility to allergic airway disease [60, 61] . However, oral administrations of Mycobacterium vaccae [62] , Helicobacter pylori [63] , as well as conventional probiotic strains [64, 65] reduced symptoms of allergic airway disease in mice. One study showed that Tregs produced in the periphery (but not in the thymus) are known as induced Tregs (iTreg) and are principally stimulated in the mesenteric lymph nodes (MLN), Peyer's patches, and lamina propria (LP) of the small and large intestines [66] . Mice deficient in iTregs spontaneously develop Th2 type pathologies characterized by higher percentages of CD4+ T cells producing IL-4, IL-13, and IL-5 cytokines in the MLN; IL-4 in the LP of the large intestine; and IL-13 and IL-5 in the LP of the small intestine. An enhanced Th2 immune response and the production of cytokines, such as IL-4, IL-13, and IL-5, contribute to the induction of atopic diseases [67] . Figure 1 shows differences in the lung bacterial microbiota between asthmatic and healthy people, showing that the respiratory tract of an asthmatic patient had an increase in IL-4, IL-5, and IL-13 and these differences, together with other environmental factors in individuals with a specific genetic background, may have an impact on the gut microbiome. Early viral infections, mainly due to rhinovirus or respiratory syncytial virus, are also linked to the development of asthma [68, 69] . Moreover, it has been reported that colonization at one month of age with Streptococcus pneumoniae, Moraxella catarrhalis, or Haemophilus influenzae is associated with an increased risk of subsequent asthma development and enhanced Th2-associated immunity [70] .
The leading hypotheses to date have been limited to the role of the bacterial and viral microbiota in affecting allergic responses [71] [72] [73] . Recently, it has been shown that nasal microbiome composition differs in subjects with exacerbated asthma, nonexacerbated asthma, and healthy controls, and nasal taxa could be further investigated as possible biomarkers of asthma activity [74] . Furthermore, it has been observed that one-year-old children with an immature microbial composition have an increased risk of asthma at five years of age [75] . Conversely, adequate maturation of the gut microbiome in this period may protect these pre-disposed children from asthma development [75] . However, in addition to the complex bacterial communities that have been detected in farm dust, fungal loads have also been reported to be high [76] . Within the context of allergies, fungi are typically considered within the framework of allergens or inducers of allergic inflammation [76] . Nevertheless, many factors complicate the analysis of dysbiosis in subjects with Early viral infections, mainly due to rhinovirus or respiratory syncytial virus, are also linked to the development of asthma [68, 69] . Moreover, it has been reported that colonization at one month of age with Streptococcus pneumoniae, Moraxella catarrhalis, or Haemophilus influenzae is associated with an increased risk of subsequent asthma development and enhanced Th2-associated immunity [70] .
The leading hypotheses to date have been limited to the role of the bacterial and viral microbiota in affecting allergic responses [71] [72] [73] . Recently, it has been shown that nasal microbiome composition differs in subjects with exacerbated asthma, nonexacerbated asthma, and healthy controls, and nasal taxa could be further investigated as possible biomarkers of asthma activity [74] . Furthermore, it has been observed that one-year-old children with an immature microbial composition have an increased risk of asthma at five years of age [75] . Conversely, adequate maturation of the gut microbiome in this period may protect these pre-disposed children from asthma development [75] . However, in addition to the complex bacterial communities that have been detected in farm dust, fungal loads have also been reported to be high [76] . Within the context of allergies, fungi are typically considered within the framework of allergens or inducers of allergic inflammation [76] . Nevertheless, many factors complicate the analysis of dysbiosis in subjects with food allergy [77] . Comparisons between studies are difficult because of considerable heterogeneity in study design, sample size, age at fecal collection, methods of analysis of gut microbiome, and geographic location. Fungi could also be key regulators of inflammation and immune homeostasis [76, 78] , opening the avenue of beneficial roles of fungi in shaping immune responsiveness. Indeed, a recent report by Wheeler et al. reported that disruption of the "mycobiome" with an antifungal drug can predispose mice to both colitis and allergic airway inflammation [79] .
Interestingly, using advanced multiplex quantitative imaging methods, a recent study has identified an extensive and persistent phosphorylated-STAT3 signature in group 3 ILCs, and intestinal epithelial cells that are induced by IL-23 and IL-22 in mice that lack CD4+ T cells [80] . By contrast, in immune-competent mice, phosphorylated-STAT3 activation is induced only transiently by microbial colonization at weaning. This early signature is extinguished as CD4+ T cell immunity develops in response to the expanding commensal burden. Physiologically, the persistent IL-22 production from group 3 ILCs that occurs in the absence of adaptive CD4+ T cell activity results in impaired host lipid metabolism by decreasing lipid transporter expression in the small bowel. These findings provide new insights into how innate and adaptive lymphocytes operate sequentially and in distinct ways during normal development to establish steady-state commensalism and tissue metabolic homeostasis [80] . Germain's group showed that ILC2s possess properties considered characteristic of adaptive T lymphocytes, namely local activation and distant effector function, but in response to alarm cytokines instead of specific antigens [81, 82] . On the other hand, other authors showed the distinct role of individual commensal bacteria in maintaining immune functions during/following dysbiosis induced by antibiotic therapy, thereby shaping host immunity and opening novel therapeutical avenues in conditions of perturbed microbiota composition [83] .
Conclusions
Recent studies have demonstrated a role for the gut microbiome in influencing remote organs and mucosal and hematopoietic immune functions [84] . The underlying inflammation in atopic asthma seemed related to the composition of microbiota and appeared associated with the severity of airway obstruction [85] . Treatment with inhaled corticosteroids was associated with changes in the airway inflammatory response to microbiota [86, 87] . The interaction of different mucosal barriers, including the gut-lung cross-talk, is likely to be mediated by locally resident microbes and circulating immune cells, but further studies are needed to fully understand this issue.
At present, the available treatments for the main non-communicable lung diseases are aimed only at reducing symptoms but are unable to effectively prevent and/or cure the diseases. Recent clinical and basic studies to date have identified possible therapeutics that can target innate immunity and the microbiota in asthma [88] . Studies have examined gut microbiota maturation over the first year of life in infants at high risk for asthma, and whether it is modifiable by early-life Lactobacillus supplementation [88] . Results showed that early-life gut microbial development is distinct, but plastic, offering a novel strategy for early-life preventive interventions. Considering the data already collected on the gut-lung axis, manipulation of the airway and gut microbiome, particularly in early life, might be a strategy to prevent asthma initiation and exacerbation. A better understanding of microbiome-driven pathophysiology and inflammation, in conjunction with the interaction of major risk factors for asthma development, such as host genetics and tobacco smoke, would aid in optimizing current treatments and in managing this chronic lung condition.
Furthermore, by improving our understanding of the role of the microbiome in these diseases, novel therapeutic strategies of modifying the microbiome through diet, probiotics, or faecal or selected bacterial transfers may be developed. The effects of these therapies on the overall microbiome and consequently on disease severity/progression remain largely unknown and need to be properly understood to realize the full impact of these treatments.
